The instanton-induced determinantal 't Hooft interaction is built into a threeflavor linear sigma model which is considered in the OZI-rule-respecting basis {(ss),
Introduction
One of the most fascinating aspects of physics is that its laws have their roots in symmetries. A profound classification of symmetries in particle physics into fundamental and derivable (i.e. less fundamental) was undertaken in e.g. [1] . According to [1] , the basic input-symmetries of the standard model, such as Poincaré and gauge invariance, can be considered as fundamental. The latter are contrasted by derived symmetries which result from various restrictions imposed onto the standard model at a later stage of its development. Moreover, in the language of Ref. [1] , symmetries can also be accidental if, depending on whether some dynamical aspects of the model are important or irrelevant, they show up for some particles while disappear for others. Flavor symmetry is first of all an example for a derived symmetry. Indeed, if one starts with N F massless quarks flavors in color triplets as the relevant QCD degrees of freedom, and restricts their interactions by Poincaré and color gauge invariance, renormalizability, cancellation of gauge anomalies and smallness of the representations, one necessarily ends up with N F -flavor chiral symmetry. In this way a hierarchy of the symmetries can be established. Within this context, the symmetry of the two-flavor isospin SU(2) ud -group is clearly a derived symmetry in contrast to the gauge symmetry of the gluon dynamics.
Derived symmetries are as a rule not exact and may even not require mass degeneracy of the particles constituting the irreducible representations of the symmetry groups. This statement is best illustrated with the example of the isospin symmetry for the lightest u and d quark flavors. Isospin presents itself as a convenient symmetry because the difference m u − m d (≈ 3 MeV at Q 2 ∼ 1 GeV
2 ) between the masses m u and m d of the lightest u and d current quarks, although comparable with the absolute values of the current quark masses themselves, appears small relative to the typical hadronic scale, e.g. Λ χ ≈ 0.7 -1.2 GeV. This is the scale of the spontaneous breaking of chiral symmetry.
The incorporation of the strange (s) quark as a third flavor degree of freedom into a larger unitary-group symmetry is not necessarily unique. Usually, SU (2) ud is extended to U(3) uds unitary-spin. This extension was in particular justified by the mass compilation of mesons to nonets -the vectorial U(3) uds representation. The matrices representing the diagonal three flavor generators were chosen in such a manner that an octet flavor state, i.e. |8 = (ūu+dd−2ss)/ √ 6, and a singlet flavor state, i.e. |1 = (ūu+dd+ss)/ √ 3, were to appear. This generator choice is referred to as Gell-Mann's octetsinglet basis and it predicts the wave functions of the isoscalar physical mesons to be patterned correspondingly. Amazingly, only the wave functions of the pseudoscalar and axial-vector mesons are dominated by octet or singlet states. Gell-Mann's basis does not apply to spin-1 −− vector and spin-2 ++ tensor mesons, where one observes a clear separation between strange, |s =ss, and non-strange, |ns = (ūu+dd)/ √ 2 isoscalar quarkonia. It was argued in Ref. [2] that the flavor symmetry for vector mesons respects the quark generations. It is given by SU(2) ud ⊗ SU(2) cs ⊗ U(1 udcs ) considered in the limit of heavy spectator c quarks. In that case, the diagonal flavor generators (they will be termed as Weyl's basis) are represented by diag(1, −1) and act in turn upon the 1st and 2nd quark generations, while U(1) udcs invariance is associated with quark-baryon-number conservation. Within this framework, octet and singlet flavor for unnatural parity mesons such as 0 −+ and 1 ++ appear as an artifact of the quark-generation mixing due to effects brought about by U(1 udcs ) A gluon anomaly. To explain the phenomenon of conflicting flavor symmetries for the anomaly-free mesons, on the one side, and the anomalous meson sectors, on the other side, a rule has been invoked (the so-called Okubo-Zweig-Iizuka (OZI) rule [3] [4] [5] ) that suppresses disconnected planar (hairpin)ss-ūu/dd diagrams. The OZI rule is well respected within the sectors of the anomaly-free spin-1 −− vector and spin-2 ++ mesons. There, it takes its origin in a destructive interference of non-planarKK * and KK * loop diagrams with such containing KK, andK * K * , respectively, an observation due to Lipkin [6] , and more importantly, as we shall see below, in the suppression of hairpin diagrams due to the absence of gluon anomaly effects in these sectors.
For the anomalous sectors of the pseudoscalar and axial vector mesons, where instanton effects will be shown to be substantial, the OZI rule is strongly violated. There is a small interference of this strong violation with another mechanism which, however, is subleading -the incomplete cancellation of the non-planar diagrams due to the absence of the parity-forbidden KK loop diagram [7, 8] . The scalar meson sector demands for the consideration of more subtle OZI rule violating mechanisms, a subject discussed in Section III below.
It is the goal of the present study to show that unitary spin is an accidental symmetry due to anomalous dynamics that appears preferably for unnatural parity mesons (such as 0 −+ and 1 ++ ) under the umbrella of the instantoninduced quark-quark interactions, and secondly, to work out the consequences for the ηNN coupling.
In the next section we briefly review the OZI-rule-respecting generation flavor symmetry. In Section III we shall illustrate the formation of the "eightfold way" within a linear sigma model which has 't Hooft's determinantal flavordependent interaction built in. We will analyze consequences for the ηNN coupling constant in Section IV. The paper ends with a brief summary.
OZI-rule-respecting flavor basis
To reveal the flavor symmetry relevant for hadron physics, it is desirable to start with a search for a conserved Noether charge in flavor space that may directly hint onto the relevant symmetry generators rather than for mass degeneracy. In doing so, we consider for concreteness the four-flavor quark space q =column(u, d, c, s) of the standard model and notice, that the electric charge operator,Q is defined in a unique way aŝ Q =t 3 +B rather than after any unitarily equivalent basis. The flavor structure of the vector current tells us that the (gauge-)interactions of the standard-model lagrangian, restricted here just to propagating u, d, s, c quarks and gluons (in other words to the externally electroweakly gauged N F = 4 QCD lagrangian), at least have to be invariant under a particular subgroup of U(4), which we call S OZI here. Otherwise the standard model itself would be plagued by the gauge anomaly in the V −A sector. This particular subgroup of U(4) is defined as
where the two SU(2) groups act in turn onto the 1st, and 2nd quark generations. Note that it is sufficient that the gauge anomaly of the standard model is cancelled for each generation separately. There is no need for a higher flavor symmetry that would interlink the various generations. As a consequence of the V − A structure of electroweak interactions in the standard model, the flavor structure of the axial current J A µ,5 copies the flavor structure of the corresponding vector current J V µ just by the replacement γ µ → γ µ γ 5 , i.e.
Similarly, the nucleon matrix element of the axial current will be considered as patterned after the S OZI generator basis according to
Let us summarize: According to the gauge structure of the standard model, especially according to the conserved Noether chargeQ and to the cancellation of the gauge anomaly in the V − A electroweak sector of the standard model, the flavor symmetry of strong interactions necessarily has to include the group S OZI , whereas an agreement with the complete U(4) would be accidental and therefore not a necessary or derivable consequence of the minimal standard model. This observation was reported in Ref. [2] . Now the question can be posed, whether there are observable consequences when the S OZI generator basis is replaced by Gell-Mann's octet-singlet basis in the limit of spectator c quarks (denoted by c /), i.e.
with λ 8 = diag(1, 1, 0, −2)/ √ 3. In other words, we are posing the question: which are the assumptions to be made in order to replace the generation basis by the octet-singlet one? From an algebraic point of view, any algebra of a given group represents a vector space and, consequently, any linear combination of group generators is as good as the original one. In a sense, one has a "democracy" in the choice of the generator representations. From a physical point of view, the algebraic democracy can be restricted due to some dynamical reasons. One such restriction is given by the Okubo-Zweig-Iizuka (OZI) rule [3] [4] [5] which forbidsūu(dd) ↔ss oscillations and consequently, their co-existence as components of same meson wave function. Indeed, the octetsinglet basis does not match at all with the vector-and tensor-meson wave functions and has to be back-rotated to the generation basis by means of the so-called ideal mixing angle [9] . However, at first glance the octet-singlet basis seems to be better suited for pseudoscalar and axial-vector isoscalar mesons, at least regarding the description of the mesons wave functions.
As an example, and in order to state notation, the wave function of the η meson is discussed in the following. It is parameterized as
Here, |η 8 and |η 1 are in turn the Gell-Mann's octet and singlet 0 −+ states, respectively. The mixing angle θ P is obtained on the grounds of quadratic (θ P ≈ −10.1
• ), or linear (θ P ≈ −20
• ) meson-mass formulae [10] . Obviously, the non-strange quarkonium state |η ns is recovered in Eq. (8), when the mixing angle takes the "ideal" value of θ P = θ id with θ id ≈ −54.7
• (cos
Alternatively, in the OZI (generation) basis, the η wave function is parameterized as
We use φ P ≈ 39.4
• , a value that has been concluded recently from fitting η(η ′ ) decay cross sections [11, 12] . The η 8 state can be recovered from Eq. (10) if
The angles in these bases are related as θ P = φ P − 54.7
• in such a way that the physical mixing angle φ P ≈ 39.4
• in the OZI basis corresponds to the value θ P ≈ −15.3
• in the octet-singlet basis and thereby lies between the quadratic and linear mixing angles. This means that the dynamics leading to OZI rule violation affects meson masses (two-point correlation functions) and decay modes (three-point correlation functions) in a different manner.
In the light of the above discussion, the change of the OZI-rule-respecting Weyl basis to Gell-Mann's OZI-rule-violating one can be performed, provided the dynamics underlying the OZI rule is accounted for. In the next section we will reveal the importance of this dynamics for the (ss)-(ūu +dd)/ √ 2 mixing and the formation of an octet pseudoscalar state.
3 "Eightfold Way" from instanton dynamics.
To support the thesis concluding the previous section by an explicit example, we introduce here a chirally symmetric [U(3) L ⊗ U(3) R ] meson lagrangian which describes a scalar and a pseudoscalar nonet, in turn denoted by (σ i )
Here,
M = σ + iP , and X, Y stand in turn for the left-right symmetric traces
The pseudoscalar and scalar matrix fields P and σ are written in terms of a specific basis spanned by seven of the standard Gell-Mann matrices, namely
, and by two non-standard matrices λ ns =diag(1,1,0), and λ s = √ 2 diag(0,0,1), respectively. The decomposition obtained in this way reads P ≡ 1 √ 2 λ i P i with i = ns, s, 1, . . . , 7 and similarly for the scalar field. The instanton-induced interaction in (12) is
where
It stands for 't Hooft's effective quark-quark interaction which is determinantal and flavor dependent [13, 14] . It is induced by instantons and is reminiscent of the U(1) A breaking at the quantum level of QCD. Finally, there is the standard term
which breaks the left-right symmetry explicitly. The c matrix is spanned by the same basis c ≡ 
Furthermore, the linear σ term in Eq. (17) induces σ-vacuum transitions which supply the scalar fields with non-zero vacuum expectation values (v.e.v) (hereafter denoted by · · · ). To simplify notations, let us re-denote σ by V with V =diag (a, a, b), where a and b in turn denote the vacuum expectation values of the strange and non-strange quarkonium, respectively,
We now shift, as usual, the old σ field to a new scalar field S = σ − V such that S = 0. In this way, new mass terms, three-meson interactions, and a linear term are generated. In particular, the mass and linear terms read
All these terms are affected -via the 't Hooft determinant (see the terms proportional to the parameter β) -by the U A (1) anomaly which get coupled to the v.e.v' s of the scalar fields by the spontaneous breaking of chiral symmetry. The consequence of all these effects is the breaking of the original symmetry down to SU(2) I isospin. The masses of the seven unmixed pseudoscalar and scalar mesons corresponding to the original Gell-Mann matrices λ i (i = 1, . . . , 7), namely the isovector pseudoscalar (π) and scalar (a 0 ) mesons as well as the two isodoublets of pseudoscalar (K) and scalar (κ) mesons, are obtained from the first five terms of the second-order lagrangian (19) as [15] [16] [17] 
where we used the convenient short-hand notation
. The elimination of the linear terms of the first-order lagrangian (20) imposes the following constraints on the explicit-symmetry-breaking terms c ns , and c s :
In Ref. [15] the PCAC relations for the pion and kaon field are discussed. Whereas the PCAC relation of the pion can be directly read off the c ns term, the one of the kaon has to be inferred from the linear combination
The mass term of the lagrangian involving the mixed isoscalar pseudoscalar and scalar fields, which correspond to the λ ns and λ s matrices, gets in addition also contributions from the last three terms of (19) and reads therefore
with
Here, m χs and m χns with χ ∈ {P, S} are the masses of the strange and non-strange (pseudo-)scalar quarkonia respectively, while m
, which does not need to be positive, denotes the transition mass-matrix elements of the strange-non-strange (pseudo-)scalar quarkonia.
Equations (27) show that the mixing between strange and non-strange quarkonia is due to the instanton-induced interactions and the spontaneous breakdown of chiral symmetry.
In the following we will first discuss the mixed pseudoscalar sector. The physical isoscalar pseudoscalar fields are linear combinations of P s , P ns which diagonalize the pseudoscalar part of L mass :
This diagonalization of the mass matrix for the pseudoscalar mesons yields the relations sin 2φ P = 2m
Here, φ P stands for the isoscalar-pseudoscalar mixing angle as introduced in Eq. (10) above. In addition, one finds the following trace relation
to be valid. As a trivial consequence of Eq. (29), the following relation holds: (m
such that
The parameters entering the pseudoscalar sector of the model (ξ, λ, β, a, b) can be fixed through the masses and the decay constants of the pseudoscalars (m η ′ , m η , m π , m K , f π ) and can be used to predict all the other properties of the pseudoscalar mesons such as the mixing of the strange and non-strange fields (see model 1 of Table 1 ). Alternatively, the kaon decay constant f K can be used as input, replacing the combination (m
η ) of the above given quantities [16] (see model 2 of Table 1 with the 
The latter procedure creates slightly different results for the pseudoscalar mixing angle. Finally, one could also have used the pseudoscalar mixing angle as input [17] (see models 3a and 3b of Table 1 with the input (m η , m η ′ , m π , θ P , f π )). This leads to a different identification of the scalar nonet. The pertinent masses turn out to be highly sensitive to the choice for the input parameters. In particular, the latter version yields heavy scalars [17] . 
The physical solution found here coincides with the phenomenologically favored one of the two solutions of the quadratic equation for β reported in an earlier work [15] . The parameter a can be directly fixed through the first of Eqs. (23), whereas b, parameterized as b = (1 + 2x) a, can be fixed either through a fit of the kaon mass as x = x N = 0.37 [15] , or directly through f K in the second of Eqs. (23) as x = x T = 0.22 [16] . Using x = 0.37 we obtain β ≈ −1.55 GeV from (33) and sin 2φ P = 0.9202 , cos 2φ P = −0.3911
from the mixing relations (29) Pns (see Table 1 ). A careful analysis of the mass matrix shows that the actual mixing angle in the flavor basis is the one arising from the cosine relation in Eq. (34). This angle is complementary to the one arising from the sine relation, which does not distinguish between π/2 − φ P and φ P . The mixing angle in the flavor basis thus turns out to lie within the range determined by the case x = 0.22, namely φ P = 49.7
• , on the one hand, and the case x = 0.37, namely φ P = 56.0
• , on the other hand (see Table 1 ). The corresponding angle in the singlet-octet basis is θ P = φ P − 54.7
• , where 54.7
• results from the ideal mixing angle in the ns-s basis. The so-determined values of θ P are in the range θ P ∈ [−5
• , + 2 • ] and therefore close to zero. This finding, in combination with the fact that the sole mixing mechanism of flavor fields is the instanton-induced interaction (see the left Eq. (27)), establishes the main result of this section: 't Hooft's instantoninduced interaction mixes strange and non-strange pseudoscalar fields in such a way that one of the physical fields becomes a member of the octet, while the other one becomes an U(3) singlet.
If the coefficient λ ′ in Eq. (27) is ignored, the mixing between the scalar strange and non-strange quarkonia due to 't Hooft's instanton-induced interaction is predicted to be of the same size as the corresponding mixing in the pseudoscalar sector but with opposite sign. This is consistent with the results in [18, 19] . In the scalar sector, however, one has to account for the additional effect brought about by one of the chiral invariants in Eq. (13) whose strength is measured by the above-mentioned λ ′ coupling as dictated by the right relation of (27) . As discussed in [16] , this chiral invariant corresponds to OZI-rule violating disconnected hairpin diagrams. They represent one out of various examples of subleading OZI-rule violating mechanisms, the most important among them being probably Lipkin's non-planar hadronic loops: in the scalar sector, the cancellation of hadronic loops is strongly spoiled by parity conservation [7, 8] . Thus, although subleading and suppressed with respect to instanton contributions, this effect acquires importance as it interferes destructively with the instanton-induced contribution to the mixing of the scalar mesons. This renders the scalars less strongly mixed than pseudoscalars and thus closer to the flavor basis. Estimates based on meson spectrum and on re-cent data on radiative φ decays involving scalars yield for the isoscalar-scalar mixing angle φ S ∈ [−9
• , −14 • ] [15, 20, 21] . Therefore one of the scalar isoscalar mesons (sigma) can be nearly identified with the non-strange scalar and is strongly moved down relative to the scalar isovector (a 0 ) as can be seen from Eqs. (25, 21) . This is also consistent with results in [18] .
It is worth noting that the physical properties of mesons, belonging to sectors which are not affected by the instanton-induced interactions, such as the spin-1 −− and tensor 2 ++ mesons, are well described in terms of almost pure flavor states. The small departure from the flavor basis in these sectors (φ V ≈ 4
• ) can be attributed to strong and yet incomplete cancellations of all meson loops in this sector [7, 8] . The same argument can be used for the actual deviation of the η from being a pure octet state. The effect is slightly larger in that case due to incomplete cancellations among hadronic loops [6] [7] [8] .
Instanton dynamics and the ηNN coupling
The co-existence of strange and non-strange quarkonia in the wave function of the η meson raises the question on the η s creation by the non-strange nucleon 2 . If the OZI rule were unbroken in the pseudoscalar sector, the valence quarks of the non-strange nucleon could not contribute at all. The only possible direct source for the η s NN vertex would be the hidden strangeness of the nucleon, i.e. the existence of small, but non-negligible (uud)(ss) configurations in the proton wave function, see Fig. 1 . The mainss-source, however, is the conversion of a non-strange quarkonium, emitted by the valence quarks (of the nucleon), into the strange quarkonium under the influence of the OZI-rule violating instanton effects. There seem to exist two mechanisms contributing to this conversion. The first mechanism is displayed in Fig. 2 and has to do with mass terms generated by the anomaly when spontaneous breaking of chiral symmetry takes place. In this case aqq pair is replaced by its v.e.v and the flavor eigenstates η s and η ns get mixed -an effect which has been quantified in section III in the context of the broken linear sigma model. The second mechanism, displayed in Fig. 3 , involves a direct instanton-induced interaction. Finally, less important sources for (ss) quarkonia are non-planar kaon loop diagrams of the type presented in Fig. 4 .
In addition to the η s production mechanisms mentioned above there exist also contributions from η ns production to the ηNN interaction. These contain the conventional mechanisms with continuous quark lines in addition to instantoninduced interactions involving the hidden strangeness of the nucleon. Clearly, the description of the ηNN interaction requires the disentanglement and quantification of all these mechanisms. This can be accomplished in a natural way in the framework of the model discussed in section III. To this end, we need to study the production of flavor fields from the flavor axial currents which we discuss in the framework of the same model.
The strange and non-strange weak decay constants are defined in the usual way:
Under the axial transformations
, the lagrangian in Eq. (12) is not any longer invariant because of the explicit and instanton-induced symmetry breaking terms. A calculation of the divergences of the strange and non-strange axial currents in the model yields:
where W stands for the contribution of the instantons and contains trilinear, bilinear and linear terms in the fields. Explicitly
Taking the derivative of both Eqs. (35) and then inserting (37) and (38), we obtain
Notice that in the case when the anomaly is absent, the masses of both the strange and non-strange fields (which in this fictitious case are the physical fields) are solely driven by the explicit breaking terms (quark mass terms). Therefore these fields are genuine pseudo-Goldstone boson fields in this case. This property is spoiled by the anomaly for both fields as can also be seen from the mass relations
We will come back to this point below. But first let us insert the relations (40) in Eq. (39), such that the non-strange and strange weak decay constants are determined as
These predictions (see Table 1 for the results of models 1-3b) cannot not be directly compared with the values f q = (99 ± 2) MeV and f s = (124 ± 6) MeV from Ref. [12] , since the definitions are different, especially for f s and our f ηs .
In order to clarify whether the eta is a pseudo-Goldstone boson or not, let us discuss the fictitious case that the explicit breaking (22) in the non-strange sector, c ns , is put by hand to zero, but the one in the strange sector is kept finite, c s = 0. Then only the pion remains a Goldstone-boson. The kaon, however, behaves as a pseudo-Goldstone boson, since in this case its squared mass is proportional to the explicit breaking c s ∝ m s . Moreover, the nonvanishing of the (squared) K-meson mass in the m
e. that the v.e.v. generated by the spontaneous breaking in the strange sector differs from the one in the two non-strange sectors. For this case it can be shown from (25) (26) (27) and (30-31) that the physical η meson has the following squared mass
It is strongly affected by the anomaly since it does not vanish in the case b = a unless the anomaly is nullified (β = 0). In this sense, the η meson is not a Goldstone boson. But even for finite β < 0 3 , its mass still vanishes together with the mass of the kaon, when b → a. Because the v.e.v. a does not need to vanish here, chiral symmetry is spontaneously broken and the η meson is then a pseudo-Goldstone boson, although strongly affected by the anomaly. Note that the mass of the η ′ meson does not vanish in the last case and therefore the η ′ cannot become a pseudo-Goldstone boson for a non-vanishing (negative) β and b → a = 0, since in the expression of m 2 η ′ the analogous square root to the one in Eq. (42) shows the opposite sign.
As a starting point in the analysis of the ηNN coupling we will assume that the anomaly is absent, i.e. the parameter β = 0. In this case the η ns couples to the non-strange nucleon only via the u, d (valence and sea) components of the nucleon, whereas the η s -nucleon coupling is solely induced by the hidden ss component of the nucleon. The η s and η ns fields are genuine Goldstone bosons in this case, and we can assume -without loss of generality -that their interaction with the nucleon follows the derivative structure (as it has to be the case in the non-linear realization of the pseudoscalar fields in chiral perturbation theory)
where g
The quantities a u , a d , and a s are the fractions of proton spin carried by the u, d, and s quark seas (including valence contributions), respectively, and are known from deep inelastic scattering data [22] . They are parameterized as
where ∆q i (Q 2 ) is the genuine spin fraction associated with the q i flavored quark sea, while the ∆g(Q 2 ) term describes de-polarization effects due to gluon contributions. We use below the values of the spin-fractions reported in [22] for Q 2 = 10 GeV 2 as a u = 0.82 ± 0.02, a d = −0.44 ± 0.02, and a s = −0.10 ± 0.02.
In Eqs. (43,44) it is assumed that the η ns and η s are the flavor-eigenstates of a pseudo-vectorial η-nucleon interaction. For this reason, the interactions (43) and (44) are designed as the non-strange and strange equivalents of the standard πN Goldberger-Treiman coupling, respectively. In the spirit of an effective chiral expansion, L ηnsN N and L ηsN N would give the leading axial couplings in these two sectors. The latter would be a sensible approximation if η ns and η s could be treated as Goldstone bosons. However, as our discussion in Section III showed, both states are strongly affected by the anomaly, and therefore we must be careful about this point.
Let us first focus on the effects due to the (anomaly-induced) mixing of flavor fields during propagation. The calculation of these contributions to the ηNN coupling can be formulated in a coupled-channel scheme. In this formalism the eta-state can be written as a vector in the η ns -η s space:
(see Eq. (10)). In the case when the anomaly is turned off, this state couples (in its transposed form) via the diagonal 'off-shell' propagator to the axial vector current of the nucleon, i.e.
(cos
In other words, the strange-non-strange fields are the propagating fields.
Let us now consider the physical case when the anomaly is present. As a consequence, one encounters the mixing of the flavor fields during propagation rendering propagating η and η ′ . For this reason, one has to replace the diagonal propagator matrix in Eq. (47) by the full propagator matrix including the anomaly-induced non-diagonal elements :
With the aid of the following relations which arise from the diagonalization of the pseudoscalar isoscalar sector
one can cast Eq. (47), where the diagonal propagator matrix is now replaced by the full propagator matrix Eq. (48), into the following form:
This last equation illustrates the formation of propagating η and (by a similar calculation) η ′ fields under the influence of anomaly-induced mixing effects during the propagating stage of the isoscalar pseudoscalars. The coupling strengths of the η and η ′ fields to the nucleon are determined as
and
respectively. Eqs. (51,52) become exactly the octet and singlet relations for the case that φ P = φ su(3) (i.e. cos φ P = 1/3 and sin φ P = 2/3) and that
The above considerations could be criticized on two accounts 4 . First, they are based on special choice of couplings of the flavor-eigenstates η ns and η s to the nucleon. Secondly, the role of the anomaly in the η, η ′ production at the η, η ′ -nucleon vertex is not explicit. Below, we will close these gaps in the derivation by adapting the usual derivation of the Goldberger-Treiman relation for pions to the A On the basis of symmetries (Lorentz covariance, parity etc.), the matrix elements of the flavor currents between nucleon states can be parameterized as follows
where q = (p ′ − p) is the transferred momentum, s and s ′ denote nucleon polarizations, and G ns,s A (q 2 ) and G ns,s P (q 2 ) are the axial vector and induced pseudoscalar form factors, respectively. These form factors can not be fixed on symmetry grounds alone. The divergence of the above matrix elements yields
Here use has been made of Eqs. (37). In combining Eqs. (38) and (39) 
At low energies, the matrix elements of the pseudoscalar flavor fields between nucleons are dominated by the exchange of propagating η and η ′ mesons
In deriving Eqs. (57) we used the following η(η ′ )NN lagrangian
Note that we now apply couplings of pseudoscalar nature, in contrast to the former derivation which was based on couplings of derivative nature, see Eqs. (43) and (44). Inserting (56,57) in Eqs. (55) and disregarding contributions from bilinear and trilinear terms in the anomaly leads to
Here, we used the definitions
where the r.h.s. equations follow from the relations (49), the expressions (41) of f ηns and f ηs and m 2 η s−ns as defined in (27) . Thus the F ns,s η,η ′ are nothing but the weak decay constants for the production of physical η, η ′ fields by the flavor currents (see Eqs. (35)), i.e.
such that the isoscalar pseudoscalar versions of the PCAC relations are implied (see Eqs. (37) and (39)):
The poles at q 2 = 0 in the G ns,s P (q 2 ) form factors in Eq. (59) are unphysical since in the explicitly broken case there exist no massless excitation. These terms can be eliminated, if one requires that the corresponding numerators vanish. This condition leads to the following relations 
Thus both derivations are completely consistent: the here discussed contributions of the anomaly to the creation of physical pseudoscalar fields from the vacuum are hidden in the sin φ P and cos φ P terms (46) in the coupled channel scheme. There is no "direct instanton induced interaction" in this calculation. The place to include such a contribution are the G s,ns A (q 2 ) form factors which here were solely identified with the spin fractions.
The conclusion we extract in this model-dependent analysis of the non-perturbative effects brought about by the instanton-induced quark interaction, is the following: this interaction, in addition to being responsible for the η as a member of the pseudoscalar octet, is also responsible for its PCAC behavior and the interactions of the η meson with external sources. These interactions exhibit an octet-like behavior in case that we consider instanton effects during propagation or creation from the vacuum of pseudoscalar fields. Our expectation is that deviations from this behavior are related to the direct instanton induced interactions shown in Fig. 3 and to the inclusion of subleading nonplanarK ( * ) K ( * ) loops.
Using the results and input-values of the models of Table 1 for the quantities involved and the spin-fraction a q i as defined below Eq. (45), we obtain from the (re-derived) Eqs. (51) and (52) g ηN N = 2.8 ± 0.5 and
where the errors of g ηN N and g η ′ N N are partially correlated because of the spin fractions and the very precisely determined value of g 3 A = a u − a d = 1.267 ± 0.004, and therefore
(models 2, 3a, and 3b) ,
see Table 1 . Note that the displayed error bars have been calculated solely from the errors ±0.02 of the spin fractions a q i (which contribute about 70-80 % of the total error), from the error ±4 MeV of f π 0 [9] (which has to be used here instead of the more precisely determined f π ± ), and from other uncertainties in the input quantities. Further sources of (systematical) errors could result from the extrapolation from the q 2 = 0 point of weak interaction to the mass-shells m 2 η and m 2 η ′ of strong interactions, from higher order corrections in the symmetry breaking, from meson-loop corrections, from the neglect of the subleading OZI-rule-violating disconnected hairpin diagrams (e.g., from an incomplete cancellation of the non-planarK ( * ) K ( * ) loops), and from the neglect of baryon resonances as e.g. the S 11 (1535) . The values of all four models are still -within the errors -compatible with the upper bound obtained by Grein and Kroll from the analysis of NN forward scattering [23] 
Note that the high-precision measurements of the differential cross sections in η photo-production off-proton near threshold at the Mainz Microtron (MAMI) [24] were interpreted in [25] in terms of a strongly suppressed g ηN N value of |g ηN N | ≈ 2.25 ± 0.15 (or, equivalently g 2 ηN N /4π ≈ 0.4). This result was concluded on the basis of the small P -wave contribution to the almost flat angular distributions for a wide range of beam energies. Only our model 1 is compatible with the value of Ref. [25] . From a measurement of η ′ production in proton-proton collisions close to threshold at COSY [26] a bound |g η ′ N N | ≤ 2.5 has been deduced which is compatible with the predictions of all our models within error bars.
The naive octet-singlet scheme of Eq. (53) predicts g ηN N = 3.4 ± 0.6 and g η ′ N N = 2.3 ± 0.6 and 1.4 ± 0.4 for the Grein-Kroll bound. Note that these results more or less agree with the ones of our model 2. This can be justified from the fact that the mixing angle of this model is the closest to the octetsinglet case, with the exception of model 1. The latter, however, features a rather large value of f K which severely breaks the condition f K ≈ f π specified above Eq. (53). Furthermore, the values g ηN N = 3.4±0.5 and g η ′ N N = 1.4±1.1 of Ref. [12] are calculated with a mixing angle φ P ≈ 39.3
• which corresponds to θ P ≈ −15
• . Thus this result falls between the ones of model 3a and 3b which are fixed by the mixing angles θ P = −10
• and θ P = −20
• . The rule is that the value of g ηN N increases and the one of g η ′ N N decreases with decreasing mixing angle, while the "Grein-Kroll-strength" is nearly constant (see Eqs. (68) and (69)).
Summary
Admittedly, we have used a rather special model in order to analyze the OZIrule respecting basis of the meson sector and the consequences for the η, η ′ -nucleon coupling constants, namely the chirally symmetric U(3) L ⊗ U(3) R linear sigma model. Note, however, that the model-dependence is manifest for the scalar sector, whereas the tree-level predictions of the model in the pseudoscalar sector, under the same input of course, ought to be compatible with PCAC arguments or tree-level calculations in chiral perturbation theory, if, and that is the important point, the modifications of the anomaly are properly incorporated into the latter. Furthermore, we have explicitly assumed that the OZI-violation in the isoscalar-pseudoscalar meson sector is governed to leading order by instanton-induced effects rather than by large N c effects and that the non-planar OZI-violating diagrams give a non-zero, but subleading contribution to this sector. These points are still controversially discussed in the literature, see e.g. [18] and [27] which favor the instanton interpretation and criticize [19] and [28] , respectively (and vice versa), where the large N c interpretation (see also [12, 29] ) and the importance of the non-planar meson-loop contributions is advocated for. However, if we take our assumptions as stated, we find that the mixing of non-strange and strange quarkonia in the wave function of the physical η meson induced by the determinantal instanton-induced 't Hooft interaction is such that the η meson is close to the octet state.
The model also allows us to study consequences for the ηNN coupling. In two independent calculations, one based on the conventional derivative coupling of the flavor-eigenstates to the nucleon, and the other based on a careful study of the axial vector coupling including anomaly contributions (resulting from the 't Hooft interaction) to the nucleon, we recover the usual SU(3) results for the ηNN coupling, though, with possible generalizations to non-ideal mixing angles and different values of the meson decay constants in the strange and non-strange sectors, respectively. The closeness of the ηNN coupling to the SU(3) case, however, might become questionable, if direct instanton induced interactions of the type of Fig. 3 or subleadingK ( * ) K ( * ) loops of the type of Fig. 4 were taken into account. 
